In metallurgy, there are many factors influencing the quality of gray iron. These are especially the charge material, chemical composition (content of C, Si, Mn, P, S), metallurgical treatment until the final casting process. Charge materials, in particular the steel scrap ratio exerts notable effect on the quality of gray cast iron, which is increasingly being used for economic reasons, especially in the melting of cast iron in electric furnaces. The use of majority amounts of steel scrap in the charge, instead of pig iron necessitates modifying the chemical composition (increase of C and Si content), and improved metallurgical processes. The experimental melts with different ratio of raw materials were realized in laboratory conditions. The paper is aimed to investigate the effects of different composition of charge materials in relation to specific technological conditions of the microstructure, mechanical properties and performance of gray iron.
Introduction
In 2013, global production of castings increased to more than 103 million metric tons, an increase of 3.4% when compared to the previous year. This rate of growth is a slight bump up from 2012's 2.4% boost.
Cast iron is still the most common casting alloy. Gray cast iron (GCI) is a broad class of ferrous casting alloys normally characterized by a microstructure of flake graphite in a ferrous matrix. It is essentially a Fe-C-Si alloy containing small quantities of other alloying elements, and the most widely used casting alloy with an annual production worldwide 47 821 690 metric tons in year 2013. World's No.1 GCI producer is Germany (2012; 5 186 722 metric tons). 1, 2) Production of gray iron in Slovakia in 2012 was 27 000 metric tons.
GCI is traditionally chosen in many industrial applications because of its use, good castability, low-cost (20-40% less than steel) and wide range of achievable mechanical and technological properties and simple melting technique. The GCI manufacturing process can be carried out with the use of various charging materials. It can be based on pig iron with the returns and steel scrap additions. [3] [4] [5] [6] The microstructure of GCI is characterized by graphite lamellas dispersed into the ferrous matrix. Foundry practice can influence nucleation and growth of graphite flakes, so that size and type enhance the desired properties. The amount of graphite and size, morphology and distribution of graphite lamellas are critical in determining the mechanical behavior of GCI. 7) GCI is a multi-component alloy, which solidifies with eutectic microstructure. Depending on the cooling rate or solidification pattern, cast iron primarily solidifies according to the thermodynamically metastable system or the stable system. If the metastable path is followed, the rich carbon phase in the eutectic microstructure is iron carbide while if the stable solidification path is followed, the carbon rich phase is graphite. 8) The mechanical properties of GCI depend on the microstructure developed during solidification. Conventional GCI has a pearlite matrix and a tensile strength ranging from 140 to 400 MPa. 9, 10) Inoculation causes significant improvements in mechanical properties because the microstructure of the alloy is modified.
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At present, from an economic perspective, it is therefore high priority in the field of GCI research to address the possibility of pig iron replacement in the charge by cheaper raw materials. The transition from traditional use of pig iron (claimed to be rich in nuclei) to synthetic GCI prepared from steel scrap (generally believed to contain only few graphitic nuclei) requires the regulation of chemical composition of metal. It is closely linked with the introduction of metallurgical silicon carbide SiC (as a siliconizing and carburizing additive). 12, 13) The use of larger amounts of steel scrap (it is generally assumed to contain only a few seed crystals of graphite) in the charge instead of pig iron necessitates modifying the chemical composition of the melt (increasing the carbon and silicon content), and improvement of metallurgical processes.
Steel scrap is normally used in an amount of 10% ÷ 50%.
In order to lower the cost per charge a larger ratio of steel scrap is used, in particular deep-drawn sheet metal, which is very reliably and quickly carburized in the induction furnace. However, for the production of synthetic GCI, that is GCI produced from scrap steel, carburizing agents with low sulfur, nitrogen, ash and volatile matter content must be used. Using a large ratio of steel scrap increases a tendency to create a chilling and therefore requires very careful monitoring of the entire production process and control by means of cooling curves with knowledge of their evaluation by computing. 9) Polluted steel scrap, e.g. excessively rusted or dirty with oils and organic impurities, increases the hydrogen content in the liquid metal, metal loss by burnout, and the amount of slag. The sorting of steel scrap is very important, particularly regarding the alloying elements (Cr, Mn, Ni, Cu), and the undesirable metals (Cu, Pb, Sn, Zn), which during melting completely or partly enter into the liquid metal, or pollute the air. Carbon, silicon, manganese, sulphur and phosphorus are traditionaly regarded as five elements normally present in GCI. 14) Their effect on GCI properties is generally known. The use of steel scrap in the charge may lead to increased content of above-mentioned elements. Their effect on GCI properties was reported by authors. 8, 15) The composition of the charge with a higher ratio of steel scrap may bring some metallurgical problems. The increasing ratio of steel scrap in the charge leads to an increased tendency to not only the formation of pearlite, but also a greater risk of shrinkage. Therefore, some car factories, which procure castings of braking parts, prescribe the ratio of pig iron in the charge above 20%. 16, 17) At present, the use of steel scrap in the charge is limited to 50% of the total charge weight. The main obstacle to the wide use of ferrous scrap in synthetic cast iron manufacturing is low effectiveness of known methods of iron and steel carburizing. 18) The aim of this paper was to determine, what is the maximum quantity of steel scrap in the charge for the production of gray cast iron acceptable without significant impairment of its properties, i.e. how does steel scrap in the charge influence the chemical composition, structure and mechanical properties of gray cast iron.
Experimental Methods
In the laboratory conditions 19 experimental meltings of cast iron with flake graphite were performed, while raw materials composition of the charge was changed in each individual melting. The charge weight was in each case 15 kg, the charge was made up of steel scrap, foundry return GCI25 and steel pig iron. The chemical composition of the charge materials is shown in Table 1 .
In addition to these three basic materials, there were also used ferrosilicon FeSi75 as an inoculant and pitch coke as a carburizing agent; silicon carbide SiC50% was used as an inoculant and carburizer. The content of the additives was chosen so that the resulting chemical composition of the produced cast iron satisfied the criteria for GCI 25 according to EN 1561, Table 2 . Table 3 shows the composition of metal bearing charge and the calculated amount of additives for individual meltings.
The actual process of melting was carried out in an electric induction furnace ISTOL with capacity 40 kg, melting performance -150 kg.h , the frequency 2000 Hz. The furnace was lined with magnesia bricks. After melting, metal was overheated to 1 420°C.
In the first series of meltings (No. 1 ÷ 6) different ratios (Fig. 1) was cast to determine the mechanical properties and for metallographic analysis.
The mechanical properties (tensile strength and hardness HB) were determined on the bars with a nominal diameter d0 = 20 mm taken from precast diameter ϕ30 mm (EN 1561).
Tensile strength test was performed on the machine ZDM 30 from VEB Werkstoffprüfmaschinen -Leipzig and Brinell hardness test on tester HPO 3000 from VEB Werkstoffprüf-maschinen -Leipzig under conditions 10/3000/10, i.e. ϕ10 mm diameter ball, load force 30 000 N, load time 10 s.
Samples for metallographic analysis were taken from test bars, as indicated in Fig. 1 . The samples were prepared by standard method. In non-etched condition, distribution and size of graphite was observed. Etching of the samples was done by Nital 2%. On etched samples content of pearlite, and other structural components were observed. Table 4 shows the chemical analyses of the different meltings, the carbon equivalent, the saturation degree and the values of basic mechanical properties (tensile strength and hardness) of metal samples from individual meltings.
Results and Discussion
Carbon and silicon are the two most important elements in gray iron; they have the greatest influence on mechanical properties, while the effect of carbon is predominant. They very strongly influence the graphitization. With increasing carbon and silicon content the degree of graphitization increases, which reflects in the deterioration of the mechani- cal properties except for dynamic toughness and damping characteristics. With the decreasing carbon and silicon content, the values of strength increase and equalize in the individual parts of castings. The tensile strength of GCI depends on the wall thickness of the casting. With increasing thickness of the wall the decrease in tensile strength is the greater the higher the silicon content. This is caused by a feritization and thickening of graphite flakes. The silicon content in gray iron should not be higher than 3%, because its higher content slows down graphitization and supports the formation of silicocarbides, which sharply reduces the plasticity of cast iron and deteriorates its fluidity.
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The contents of carbon and silicon in different meltings as well as recommended ranges of these elements for LLG 25 (3.1% ÷ 3.3% C, 1.7% ÷ 1.9% Si) are shown in Figs. 2  and 3 The content of manganese in GCI 25 recommended by standard is 0.8% ÷ 1.0%. None of the meltings did reach such levels of manganese content, whereas the manganese content in the charge materials itself was less almost by half. Manganese eliminates the impact of sulfur in gray iron, the sulfur content up to 0.12% is not considered harmful when counterbalanced by manganese. 20) Since the sulfur content in the individual meltings were much lower than those permitted in gray iron, it was not necessary to increase the content of manganese in meltings.
Since the contents of the various elements in the gray iron are only recommended, a guiding parameter that takes into account the chemical composition of cast iron but allows its different variations, is the saturation degree (Sc) which is expressed by relation (1).
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According to the standard, the level of cast iron GCI 25 saturation degree should be between 0.87 and 0.93. A significantly lower levels of saturation degree were found for meltings No. 3, 5 and 6, where there was either very low carbon or silicon content (below the values specified in the standard). A cast iron, in which either carbon or silicon content exceeds the norm, exhibits higher values of saturation degree. Table 5 shows the results of metallographic analysis of individual meltings (ratio of pearlite in the sample, size of graphite flakes and their distribution). The size of graphite in samples from meltings No. 1 ÷ 5 was in an interval of 60 μm ÷ 120 μm. There was relatively small ratio of pearlite in the samples, the sample No. 2 (20 SC/50 RM/30 PI) actually contained only ferrite. The graphite distribution was interdendritic random orientation. Sample No. 6, which was made only from the steel scrap with carburizing agents, but has not been inoculated, had ledeburitic structure, so neither the structure nor mechanical properties corresponded to gray iron. In the meltings No. 2 ÷ 5 graphite was segregated in the form of flakes, but the formed structure was very heterogeneous, being a mixture of transformed ledeburite, pearlite and secondary cementite. The structure of meltings No. 7 ÷ 19 was homogeneous compared to earlier meltings. The size of graphite flakes was 120 μm ÷ 250 μm and their distribution was uniform. The ratio of pearlite was above 80% in all samples. Samples from meltings No. 17 ÷ 19 showed mixed distribution of flakes and ratio of pearlite was 96%. Figure 4 shows the distribution of the graphite in the sample No. 1, which charge was 100% recycled material, on the Fig. 5 is sample No. 6, the charge consisted of 100% steel scrap, but ferrosilicon was not used as an inoculant, in Fig. 6 the structure of the sample No. 19 (100% steel scrap charge + carburizer + SiC + FeSi75). The shape of the graphite and its distribution in the sample No. 18 (80% steel scrap + 20% of steel making pig iron) is shown in Fig. 7 . In all meltings with a higher ratio of steel scrap in the charge (50% or more) was achieved either homogeneous or mixed distribution of graphite flakes, graphite flakes size was 120 μm ÷ 500 μm and lamellar pearlite ratio was more than 85%.
The prescribed range of tensile strength for cast iron GCI 25 according to the standard is 250 to 350 MPa and maximum hardness HB 240. None of the meltings without inoculation (meltings No. 1 ÷ 6) except for the melt No. 2 (20% steel scrap, 50% return material and 30% pig iron) have met the strength criteria. High values of Rm and HB for the melting No. 6 indicate that this material is closer to steel than cast iron (ledeburitic steel). On the other hand, all meltings from melting No. 7 and higher meet the strength and hardness criteria of the standard.
By using of software STATISTICA 7 the analyse of influence of charge materials (steel scrap -z, return material -y, pig iron -x) on tensile strength (Rm) and hardness (HB) was made and regression equations were calculated. As follows from the analysis, the greatest impact on the resulting mechanical properties (tensile strength Rm and hardness HB) has a steels scrap. It follows from the gradient of plane in thernary diagram and from coefficient by variable "z" in regresion equation -in Fig. 8 for tensile strength (Rm) and in Fig. 9 for hardness (HB). As shown in Fig. 10 the increase in the ratio of steel scrap in the charge does not reduce strength of cast iron. Increasing its content caused a moderate increase in tensile strength, Fig. 10 . The effect of steel scrap in the charge on hardness is similar. The objective in the production of cast iron is to reach maximum required strength without exceeding the recommended hardness. This requirement was achieved in all meltings from No. 7 through No. 19. These melts were made by equal conditions (they were preinoculated with SiC and they were inoculated secondary with FeSi75.
Conclusions
The objective of this paper was to determine the influence of the steel scrap content in the charge during the manufacture of GCI on its properties, and whether synthetic GCI i.e. GCI made only of steel scrap shall comply with the requirements of the standard for given type of cast iron. The GCI 25 was selected as a target with the recommended chemical composition, pearlitic -ferritic structure, degree of eutecticity 0.87 ÷ 0.93, prescribed tensile strength of 250 MPa ÷ 350 MPa and a maximum hardness HB 240.
From obtained results, follow these conclusions: • In the manufacture of synthetic GCI it is possible to achieve the recommended levels of silicon and carbon by precisely calculated amount of carburiser and properly conducted carburization and inoculation of cast iron.
• Chemical composition of synthetic GCI, corresponding to given type of cast iron EN -GJL 250 is only an orientation and affects the saturation degree, which is obligatory for given cast iron. Also, synthetic gray iron and gray iron produced with a high percentage of scrap steel (80% and 50%) achieved through proper carburization and inoculation the saturation degree required by standard.
• The structure of GCI (graphite shape and distribution, ratio of pearlite) was not negatively affected by high steel scrap content in the charge.
• The mechanical properties of synthetic GCI, its tensile strength and hardness HB, are in accordance with the standard. Based on obtained results, we can say that an increasing ratio of steel scrap in the charge led to a slight increase in strength, but also to an increase in hardness, while still not exceeding the hardness value required by the standard. Even with high ratios of steel scrap in the charge, hardness was well below the standard permissible value.
• The increase of steel scrap ratio in the charge alone will not result in optimum mechanical properties and structure of GCI. The proper metallurgical treatment of melt, that is correct temperature of overheating, standing time, melt temperature at inoculation, the amount of inoculant, or pre-inoculation using SiC is essential. 
